The objective of this paper is to demonstrate an approach to characterize the spatial variability in ambient air concentrations using mobile platform measurements. This approach may be useful for air toxics assessments in Environmental Justice applications, epidemiological studies, and environmental health risk assessments. In this study, we developed and applied a method to characterize air toxics concentrations in urban areas using results of the recently conducted field study in Wilmington, DE. Mobile measurements were collected over a 4-ϫ 4-km area of downtown Wilmington for three components: formaldehyde (representative of volatile organic compounds and also photochemically reactive pollutants), aerosol size distribution (representing fine particulate matter), and water-soluble hexavalent chromium (representative of toxic metals). These measurements were used to construct spatial and temporal distributions of air toxics in the area that show a very strong temporal variability, both diurnally and seasonally. An analysis of spatial variability indicates that all pollutants varied significantly by location, which suggests potential impact of local sources. From the comparison with measurements at the central monitoring site, we conclude that formaldehyde and fine particulates show a positive correlation with temperature, which could also be the reason that photochemically generated formaldehyde and fine particulates over the study area correlate well with the fine particulate matter measured at the central site.
INTRODUCTION
Recent public debate has focused on urban air quality, where near-source impacts are large, especially from traffic on major roadways. 1, 2 Our growing understanding of the health risks for populations near major roadways and major point emission sources emphasizes the critical need to study the highly localized impacts by mapping pollutant concentration gradients in the area. Characterizing the spatial variability of air pollutants in an urban setting is critical for improved air toxics exposure assessments. 3, 4 Current approaches for characterizing ambient air toxics concentrations rely on developing a detailed emissions inventory and applying a dispersion model such as AER-MOD. Previous modeling studies have shown large gradients in ambient concentrations of toxic pollutants in urban areas can arise from specific stationary or mobile sources. 5 However, these findings can not be verified with the widely spaced monitoring networks that currently exist in most urban areas.
To address this need, new experimental approaches are needed to provide a quick assessment of air pollutant concentration gradients, especially those arising from vehicle emission impacts. Among the most powerful approaches is the use of a mobile platform equipped with state-of-the-art, real-time, and near-real-time monitoring instruments that provide the necessary time resolution to identify high concentrations and sharp spatial gradients in an urban area.
Mobile platforms can provide a unique capability that, heretofore, has not been available with stationary monitor measurements. In addition, mobile platform measurements can establish the location where concentrations attain high levels ("hot spots") that may not be possible to find without using a large number of fixed monitors. Traditional modeling approaches are uncertain about the locations of these hot spots because of shortcomings of the emissions inventory (e.g., sources not reported in the emissions inventory) or limitations in source characterization input for the model (e.g., inability to characterize the release as a stack or fugitive source). This is especially important for air toxics assessments in Environmental Justice applications, for environmental health risk assessments, and to support epidemiological studies, in which resolving fine scale in air toxics concentrations is critical.
Another issue is the relative importance of local sources versus the contribution of regional background pollution transported into an urban area. Extensive spatial monitoring is needed to identify locations of high concentrations and sharp spatial gradients in urban areas. Because a mobile monitoring platform can easily traverse much of an urban area while providing fast-response measurements along its path, it can provide spatial coverage sufficient to determine both regional (background concentrations) and local impacts (superimposed signal).
Finally, mobile monitors can be used to gather data to supplement existing monitoring networks. Currently, air toxics monitoring network densities are sparse 5 and the mobile monitoring data can be used as a diagnostic tool to determine spatial gradients in pollutant concentrations for multiple pollutants. This information cannot be obtained from a single monitoring station. Also, mobile measurements can help in determining the representation of existing monitoring stations and in siting future fixed monitoring locations.
A handful of research groups have developed mobile monitoring platforms using real-time instrument technologies to assess on-road and near-road air quality. Mobile monitoring measurements performed in and near Zurich, Switzerland 6 -8 showed that mobile measurements are useful for short-term air pollution investigations that allow distinguishing between daytime and nighttime conditions, urban and rural areas, and day-to-day variability. In the Netherlands, Weijers et al. showed an exponential decrease of concentrations as a function of distance from the road using mobile monitoring measurements. 9 Weijers et al. also showed that the concentration inside a city changes on a scale of 100 m, and that these fluctuations correlate with the local traffic intensity and driving conditions. 9 In Helsinki, Finland, Pirjola et al. measured atmospheric dispersion of traffic pollutants by moving away from the highway along the wind direction. 10 At a distance of 120 -140 m from the source, the concentrations were diluted to one-tenth from the values at 9 m from the source.
In the United States, several real-time mobile monitoring studies have been performed. In New York City, Canagaratna et al. conducted chase vehicle studies in which on-road emissions from individual targeted vehicles were measured in real time within seconds of their emission. 11 In Minneapolis, Kittelson et al. collected data under varying on-road traffic conditions in residential areas to determine the impact of highway traffic on air quality and to characterize the size and concentration of on-road aerosols on highways surrounding the Minneapolis area. 12 Much lower number concentrations and larger particles were observed in residential areas located 500 -700 m from the highway. In the Rochester-to-Buffalo interstate loop in New York, Kittelson et al. summarized the on-road aerosol and gas measurements carried out over 10 days while driving a route from Rochester to Buffalo 6 hr/day. 13 Westerdahl et al. describes the integration of multiple monitoring technologies on a mobile monitoring platform to show that average concentrations of ultrafine particles varied strongly by location, road type, and truck traffic volumes in Los Angeles. 14 Also, mobile monitoring platforms have been used as a diagnostic tool to locate sulfur hexafluoride (SF 6 ) tracer plumes in tracer experiments in California. 15 Despite these efforts, very few areas and pollutants have been studied in this way. In this paper, we present a method of providing spatially and temporally resolved distributions of toxic pollutants in urban areas. We demonstrate an application of this method using results from a recently conducted field study in Wilmington, DE. A mobile monitoring lab was used to collect a rich database for three representative pollutants: formaldehyde (representative of volatile organic compounds [VOCs] and also photochemically reactive pollutants), aerosol size distribution (representing fine particulate matter), and watersoluble hexavalent chromium (representative of toxic metals). We believe that this method shows promise and is an innovative approach to provide information necessary for spatial mapping of air toxics concentrations.
AIR TOXICS MONITORING IN WILMINGTON, DE
Case Study Description and Methodology The mobile measurements were carried out in Wilmington, DE for the Enhanced Delaware Air Toxics Assessment Study (EDATAS), which is a collaborative effort between the State of Delaware, University of Delaware, Duke University, and the United States Environmental Protection Agency (EPA). 16 Wilmington was chosen for this project because of the diversity and magnitude of air pollution sources and their impacts on the community. The EDATAS project is aimed at gaining a better understanding of ambient concentrations of hazardous air pollutants throughout Delaware, as well as attaining a better assessment of exposure to those air toxics and the health risks associated with that exposure. The project is built around the existing monitoring network, but addresses the limitations of toxic sampling with the existing stationary methods, particularly the lack of temporal and spatial resolution, by implementing real-time, single-particle mass spectrometry, as well as mobile measurements of several representative air pollutants.
The Duke University research team performed the mobile measurements to provide information on the spatial distribution of pollutants throughout the city as well as variability within neighborhoods, with the spatial resolution on the order of 100 m 16 . The following components were measured:
• water-soluble hexavalent chromium;
• gas-phase formaldehyde; and • aerosol number size distribution in the size range 12-270 nm. These components were chosen because they represent pollutants expected to have different spatial variability and different contributions from regional and secondary sources. For example, most sources of hexavalent chromium originate from localized activities such as metal plating, dye and pigment manufacturing, cleaning of various metal parts in automobiles, and the aircraft industry. [17] [18] [19] Such sources are often intermittent and difficult to identify. Formaldehyde, on the other hand, has a strong contribution from photochemical reactions that add significantly to or even dominate the primary source contribution, which may make this pollutant less variable within a city. Aerosol mass, such as particulate matter (PM) less than 2.5 m (PM 2.5 ), also has primary and secondary sources. Vehicular traffic is one of the main sources of PM in urban areas. Most of the particles emitted by traffic are small and are found in the ultrafine size range (Յ0.1 m in diameter). PM transported from distant sources is larger, with mean sizes around 0.3-0.5 m 20 . The PM from long-range sources varies slowly, with time scales ranging from hours to days. The vehicular sources, on the other hand, show strong diurnal and spatial variability. Monitoring the aerosol loading in different size ranges can be used to assess the contribution from the traffic (found mostly in the ultrafine size range), and from the long-range sources (found mostly in the accumulation mode).
Measurements
High-time resolution instruments for online measurements of the target components were installed on the Duke University minivan mobile laboratory equipped with a global positioning system (GPS). The Duke University mobile laboratory is a minivan equipped with a battery pack and a true-sine inverter that allows autonomous operation of research equipment without external power sources. An on-board GPS (Garmin GPSmap 76CS) provides the location of the vehicle as a function of time, which is logged every 5 sec. The clocks of the GPS and the on-board computers and instruments are synchronized before each run. After accounting for the delays in instrument response, the location and concentration data are matched providing concentration fields as a function of space and time. The sampling inlet was placed on an extendable mast, which is built into the van. The mast is on the left side of the vehicle, 1 m from the rear end. During the mobile measurements the inlet was placed at 3 m height. The instruments sampled through a 2-m long Teflon manifold ( 1 ⁄2 in. in diameter). The total flow rate through the sampling line was 23 L/min Our calculations indicate that diffusion losses of 10 nm particles in our inlet are lower than 5%, whereas losses due to image and space forces are both below 1%. The calculations were verified by a comparison with a stationary scanning mobility particle size (SMPS) system, which showed that the two instruments agreed within 15%. Likewise, inertial losses for the particles smaller than 2.5 m were estimated to be negligible.
Mobile measurements place a number of constraints on the instrumentation. First of all, they require a high time resolution. The average driving speed during this study was approximately 11 miles per hour (mph). To have spatial resolution of 150 m at such a speed the instrument should have a time resolution of 30 sec or better. The instruments need to be sensitive enough to distinguish elevated concentrations above the background. The instruments also need to be stable during driving, i.e., have minimum interference from vibrations and acceleration/deceleration induced by the moving vehicle. All of the instruments used in this study were rigorously tested to assure the stability necessary for mobile measurements under driving conditions.
Hexavalent Chromium
The hexavalent chromium instrument was based on the method of ambient aerosol sampling. 21 The instrument continuously collects ambient aerosol into liquid using a steam-jet aerosol collector (SJAC). 22 The air is sampled at a rate of 16.7 L/min through a PM 2.5 cyclone (URG, Inc.).
The SJAC operates by injecting steam into the sampled airstream, which causes water vapor to condense on the sampled aerosol particles. Particles grow because of water condensation to a size of at least 1 m in diameter and are collected by a cyclone. The SJAC collects particles down to a few nanometers in diameter (collection efficiency 99%). 22 The collected liquid containing dissolved aerosol species is continuously pumped out and directed to a Long Pathlength Absorption Spectroscopy-Continuous Flow Analysis system (LPAS-CFA), where the concentration of hexavalent chromium is determined using the well established diphenycarbazide (DPC) colorimetric method. 23 The detector uses a liquid core waveguide (LCW) optical cell to increase the sensitivity of the colorimetric method. The limit of detection for hexavalent chromium is 0.2 ng/m 3 . The time resolution of the instrument is 15 sec. The instrument has been regularly calibrated, including under driving conditions. 21
Formaldehyde
The instrument for formaldehyde measurements was based on that described by Fan and Dasgupta, 24 with several modifications. Formaldehyde is collected using continuous-flow wet-walled denuder. 25 The air sample flow rate is 5.2 L/min. The airstream passes through a gap between two parallel plates that are covered with a film of flowing water. Formaldehyde dissolves in the liquid, which is continuously pumped out for analysis. The collected denuder liquid is then analyzed using the 1,3-cyclohexandione fluorometric method. Instead of the flow injection analysis that was used in the Fan and Dasgupta system, we used a continuous flow analysis (CFA) system to increase the time resolution of the instrument. The other modification is the use of a fluorescence detection cell based on the LCW and made of Teflon AF (Dupont). The design of the cell follows that of Li et al. 26 The detection limit of the instrument is 0.026 mol/m 3 (0.78 g/m 3 or 0.64 ppbv). The time resolution is 15 sec. The instrument was calibrated in the laboratory before the field campaigns. Multipoint calibrations were made using a semipermeable gaseous formaldehyde source (VICI Metronics). For quality assurance, single point calibrations of the analytical part of the system were performed in the field using 3.84 M standard solution of formaldehyde, which was made fresh each day.
Fine PM
Particle size distribution measurements were performed using a SMPS. 27 The SMPS was built using standard parts from TSI Inc. (TSI 3071 Differential Mobility Analyzer and TSI 3010 Condensation Particle Counter). The SMPS sizes particles using an electrical mobility technique by selecting particles in a narrow mobility range, which depends on the voltage setting of the instrument. The selected particles are counted with a condensation particle counter (CPC). By performing an exponential ramping of the voltage, particles of different sizes are selected and counted, providing the number concentration as a function of size (i.e. the number size distribution). The size range of the SMPS depends on the hardware, the range of the voltage ramp, and the flow rate inside the instrument. The usual size range covered by the SMPS is from approximately 10 to 200 nm. It can be extended to the larger sizes (800 nm), if lower flow rates are used, but at the expense of not sampling smaller particles. To sufficiently cover both size ranges (the ultrafine and the accumulation modes), a compromise was made in this study by setting the SMPS size range from 12 to 270 nm. This way the SMPS covered most of the ultrafine range as well as about half of the mass distribution of the accumulation mode.
SMPS measurements were performed every minute. At the average speed of the measurements (11 mph), 1-min sampling translates to a spatial resolution of about 300 m. Each SMPS sample consists of one "up" and one "down" scan, each 30-sec long, and each providing information on the full size distribution. The TSI software used in this study reports only one distribution per sample. However, the SMPS can be inverted, extracting the distribution data from both up and down scans. 27 This would effectively reduce the sampling interval to 30 sec.
The size distribution measured with the SMPS was used to calculate the volume concentration of the aerosol. 28 The mass concentration can be calculated from the volume concentration, if the aerosol density is known. The actual particle density is rather uncertain. For example, the particle density can be lower than 1 g/cm 3 at locations heavily influenced by diesel traffic, 29 whereas being close to 1.5 g/cm 3 in urban locations is less influenced by diesel emissions. 28, 30, 31 We have chosen the value of 1.5 g/cm 3 for our calculations because the conditions of our study ("urban background") are similar to the study that showed that this value predicts the mass concentration within 20%. 28 The procedure of estimating particle mass consists of calculating the integrated volume concentration from the size distribution data and multiplying it by the particle density. Because the size distribution measurements in this study spanned a range up to approximately 0.3 m, we designate the derived aerosol mass as PM 0.3 (analogous to PM 2.5 ). As was discussed above, this size range covers most of the particulates emitted by combustion sources (which are expected to be the dominant source of PM variability in a city) as well as half of the accumulation mode, which provides us an indication of the contribution from the long-range sources.
Driving Route Design and Study Schedule
Measurements were performed while driving, and the concentrations recorded as a function of time and location. A map of the study area and locations of mobile measurements are shown in Figure 1 , a and b. In these routes, the mobile van operated continuously for approximately 3 hr in the morning and again for approximately 3 hr in the afternoon.
The sampling involved mobile transects over a set course covering most of the street blocks over an area approximately 4 ϫ 4 km centered on downtown Wilmington. The driving route focused on mostly quiet residential streets to avoid, where possible, busier roadways. This selection was done to avoid the dominating effect of on-road emissions on the measurement results. By driving through quiet streets with little or no traffic, a more accurate assessment of the off-road concentrations could be obtained. The effect of the traffic on the concentration field can be assessed in the future by inspecting concentrations at intersections with busier streets.
Because the concentration field varies not only with place but also with time, the same route was traversed several times each day (minimum 3, typically 5-6) to obtain a reliable statistical characterization of the variability at each point and compare the mean values between different locations. Each transect took approximately 1 hr to complete. The meteorological conditions and the atmospheric composition usually do not change significantly during 1 hr.
Mobile measurements were performed during four campaigns, one for each season (winter, spring, summer, 
Method of Estimating Spatial and Temporal Distributions
Mobile measurements provide a unique opportunity to estimate both spatial and temporal distributions for the area of interest. In this study, the area of intensive monitoring is approximately 4 ϫ 4 km in size in Wilmington, as indicated in Figure 1 . The objective is to resolve a spatial scale down to 100 m, so the study area would consist of 1600 100-m 2 pixels. The mobile lab is capable of resolving spatial scale at 100-to 150-m resolution, given its instrument response time and vehicle speed. For example, driving at an average speed of 30 km per hour, and using sampling interval of 15 sec, the mobile lab provides concentrations at 125-m intervals. The van is driven multiple times through the study area to obtain multiple readings within each 100-m area. Thus, the measurement technique provides distributions of concentrations at 100-m resolution. These distributions then can be averaged either spatially or temporally. Short time intervals such as 1-hr are typically used to assume that the atmospheric composition does not change significantly during the specified time interval.
The mobile laboratory was equipped with a GPS. Combined with a fast-response analyzer, measured concentrations were recorded as a function of time and location C(x,y,t). This combination of spatially resolved coordinates of the mobile lab and precise time was used to create spatial maps of pollutant concentrations. In this study, we averaged all the measurements that occur within each of the 100-ϫ 100-m pixels for a specified time interval to create spatial maps of pollutant concentrations in Wilmington. For shorter time intervals such as hourly averages, one needs to make sure that there are a sufficient number of measurements, otherwise averaging time should be increased (i.e. 2-4 hr or more). To obtain more readings within each of the 100 ϫ 100-m pixels, we have to either increase sampling frequency or reduce the size of the study area. To estimate temporal distributions, all the readings are averaged for the entire study area during a specified time period. For example, in our 4 ϫ 4-km area, we took all the readings taken between 10:00 a.m. and 11:00 a.m. to obtain a 10 a.m. hourly average. To improve the representation, we computed 3-hr averages that include all measurements in the morning or in the afternoon. This approach provides the necessary information to construct a time series analysis. in the downtown area along the interstate highway I-95 corridor to approximately 11 g/m 3 in other parts of the city. Despite the existence of local emission sources, the total variability is relatively small. This relatively small degree of variability may be attributed to formaldehyde being formed as a photochemically reactive pollutant and what we see is a combination of primary contribution due to direct emissions and regional background due to secondary formation. Unlike formaldehyde, chromium is much more variable throughout the city, ranging from approximately 0.1 ng/m 3 to more than 1 ng/m 3 in a few hot spot areas. These hot spots are most likely because of proximity to emission sources. Figure 3 shows distributions of all data as a function of hour of day. The data show very strong variability, both diurnally and seasonally.
RESULTS

Spatial and Temporal Distributions of Air Toxics
In considering seasonal variability, one should keep in mind that the data collected with the mobile platform do not represent a complete season, because of the limited duration of the measurements. However, some insight can be gained by observing the concentration differences between the seasons. Formaldehyde shows a seasonal trend, with concentrations being highest during the spring and summer, whereas the winter campaign had the lowest concentrations. This trend can be explained by the strong influence of photochemical activity on formaldehyde concentration, which is strongest during the warmer months. The other pollutants, PM 0.3 and Cr(VI), also exhibit a strong variability. PM 0.3 shows a seasonal trend similar to that of formaldehyde, suggesting an effect of photochemically produced secondary aerosol on the aerosol mass. However, this trend is largely obscured by the strong variability in the data, indicating the importance of other sources that are variable in time and space.
To investigate relative importance of spatial versus temporal variability, we conducted further analyses, averaging the data spatially and temporally. For each day, we took all available measurements and constructed their distributions. This is shown in Figures  4 -6 for the three pollutants. As can be seen from the figures, the shapes of the distributions for all the observations are different. Distributions for PM 0.3 and Chromium are skewed toward high values with longer tails beyond the 75th percentile, whereas formaldehyde concentration distribution is not. This indicated that mobile measurements are capable of capturing the high values normally unavailable at a fixed monitoring site.
Spatial distributions are presented as coefficients of variability (CV), defined as the ratio of a standard deviation over the mean value, derived from all measurements that occur in the morning and in the afternoon for each day of the study period. This morning and afternoon breakdown reveals the influence of meteorological conditions. Concentrations are higher in summer in the early morning and late afternoon because of high mobile source emissions during these periods and meteorological factors such as low wind and inversion conditions. Figure 7 , a and c, shows that spatial and temporal variability is much higher for PM 0.3 and chromium than for formaldehyde. The seasonal patterns in spatial variations for PM 0.3 are influenced by PM in the accumulation mode; the other two pollutants show a weak or no discernable pattern.
Comparison with Central Site
The results of the mobile measurements were compared with several of the parameters and concentrations measured at the central site of EDATAS to gain insight into the effect of some meteorological parameters, as well as to compare the average concentrations over the city with Figure 1b . For each day, the data collected at the monitoring site were averaged over the period corresponding to the time of the mobile measurements. These "daily" averages are then compared with the spatially and temporally averaged concentrations measured with the mobile platform during the corresponding days. Figure 8 shows a comparison of mobile measurements of formaldehyde, PM 0.3 , and Cr(VI) concentrations with ambient temperature at the central monitoring site. Formaldehyde and PM 0.3 exhibit a positive correlation with the temperature, suggesting again an effect of the photochemical activity. In contrast, there is no correlation between the temperature and Cr(VI) concentrations because chromium is released from primary emissions instead of secondary transformations. Figure 9 shows a comparison of mobile measurements of formaldehyde, PM 0.3 , and Cr(VI) concentrations with PM 2.5 concentrations measured at the central cite. As can be seen from the figure, both formaldehyde and PM 0.3 measurements from the mobile monitor correlate well with the PM 2.5 measured at the central site. However, chromium doesn't show any correlation. Because both PM 0.3 and formaldehyde are correlated with PM 2.5 at the central site, this suggests an effect of photochemically produced secondary aerosol and possible influence of long-range transport for these pollutants.
CONCLUSIONS
Air quality models suggest the existence of strong spatial gradients of air toxics concentrations in urban areas. 32 It is difficult to verify these gradients with currently established fixed monitoring networks. This study shows the possible utility of using mobile laboratories to characterize concentration distributions and gradients in urban areas.
In this study, we have demonstrated that mobile monitoring is a useful tool for spatial mapping of toxic air pollutants in urban areas. Mobile measurements were performed in Wilmington, DE, for three pollutants-formaldehyde (representative of VOCs), PM 0.3 (representative of fine PM), and Cr(VI) (representative of metals). These measurements were used to construct spatial and temporal distribution for these pollutants.
In examining the distribution of observed concentrations from the mobile lab measurements, we found that the distributions for PM 0.3 and chromium concentrations appear to be skewed toward high values whereas formaldehyde concentration distribution is not, which indicates that PM 0.3 and chromium concentrations showed a higher degree of spatial variation than formaldehyde. This is consistent with other observations of formaldehyde, which is a mobile driven, highly reactive, and generally uniformly distributed pollutant and suggests that mobile measurements are capable of providing realistic results. From the comparison with measurements at the central monitoring site, we conclude that formaldehyde and PM 0.3 both correlate well with the PM 2.5 measured at the central site. Also, both show a positive correlation with temperature, suggesting the importance of secondary production of formaldehyde and PM 0.3 . We found that concentrations of PM 0.3 and Cr(VI) are highly variable in this urban area.
Mobile laboratories provide several advantages over fixed continuous monitoring networks by providing measurements on a quick response basis over a large part of an urban area. These measurements are also useful for identifying the presence of non-inventoried sources by placing fixed monitors near likely impact areas and selecting pollutants that are likely to have ambient impacts. Here we described an innovative approach to provide information necessary for multiplepollutant investigations that are essential for community-based assessments. We consider this innovative approach as a supplemental tool to the existing monitoring programs because mobile platform measurements do not yet have a long history of extensive quality checks, and there is no federal reference method for these measurements; thus there is a need for further evaluation of these measurement techniques for regulatory applications.
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